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Abstract: To support progress towards the transition to a circular economy, the ability to measure
circularity is essential. The consideration of the role biobased products can play in this transition is
however still largely lacking in the current development of circularity monitoring approaches. The
first step in coming to a suitable monitoring framework for biobased products is to define circular
economy principles. In this paper, specific characteristics of biobased products were considered in
defining six circular economy principles for biobased products: (1). Reduce reliance on fossil resources,
(2). Use resources efficiently, (3). Valorize waste and residues, (4). Regenerate, (5). Recirculate
and (6). Extend the high-quality use of biomass. In order to evaluate the circularity performance
of biobased products with respect to these principles, what needs to be measured was defined
considering both intrinsic circularity and impact of this circularity. The intrinsic indicators provide
a measure of success in implementation of these circularity principles, and the latter impacts of
circularity, i.e., impact of closing the loops on accumulation of hazardous substances and impact of
circularity on sustainability (environmental, economic and social). Yet, to unlock the potential of a
sustainable circular bioeconomy, strong accompanying measures are required.
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1. Introduction

Currently, about 90% of global biodiversity and water stress impacts and about half of
global climate change emissions are caused by resource extraction and processing [1]. It
is therefore no surprise that in the European policy ambitions of reaching climate change
mitigation and conservation of our natural resources, there is an urgency of taking measures
to increase resource efficiency, decouple economic growth from resource use and stimulate
a more sustainable production and consumption system. These measures all come together
in the concept of circularity, which has as a main aim to reduce resource consumption
and emissions to the environment by closing the loop of materials with linkages between
different industries [2], and designing waste out of the system [3].

The instrument of circularity was embraced in EU policy in 2013 through the statement
in the seventh Environment Action Plan “Our prosperity and healthy environment stem
from an innovative, circular economy where nothing is wasted and where natural resources
are managed sustainably, and biodiversity is protected, valued and restored in ways that
enhance our society’s resilience” [4]. Soon after, the European Commission (EC) launched
the Circular Economy Package [5], which created the basis for the current EC ambitions for
reaching climate neutrality and wider sustainability through further transition to a circular
economy. This circularity was also coupled with a transition to a bioeconomy [6]. The
concept of a bioeconomy was put forward by the EC in 2012 [7], and the 2018 update of the
Bioeconomy Strategy of the EC indicated that the “European Bioeconomy needs to have
sustainability and circularity at its heart” [8].
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The 2018 update of the Bioeconomy Strategy, the Green Deal [9], and the New Circular
Economy Action plan [10], have all helped to clarify further how and with what instruments
the EC is planning to bring about the transition to further circularity. EC thereby set up
a monitoring framework on the circular economy with a set of indicators on the macro
scale (EU, or Member State level) [11]. Recently, the term circular bioeconomy has been
introduced to intertwine the bioeconomy and circular economy concepts [12–15], and also
appeared in EC communication [16].

Different circular economy strategies and principles have been proposed by govern-
ments, industry, non-governmental organizations and academics [3,17–19]. As included in
the definition of the circular economy, proposed by Kirchherr et al., the circular economy
“operates at the micro level (products, companies, consumers), meso level (eco-industrial
parks) and macro level (city, region, nation and beyond)” [20]. The focus of this paper is on
the micro level and specifically on biobased products, which are products that are wholly
or partly derived from biomass [21].

The “butterfly” diagram of Ellen MacArthur Foundation distinguishing between
technical and biological cycles could be quite misleading in this respect, as biomass use
seems to be existing only in the biological cycle [22], but in reality biomass also enters
in the technical cycle and is used in the production of chemicals, plastics and materials.
Following circular economy principles, biobased products can be kept in the technical cycle
through reuse and recycling, optimizing the time spent in each cycle and the number of
consecutive cycles. The product can cascade through multiple uses and achieve substantial
reduction in virgin material inflow by each consecutive application. Some of these biobased
products can contribute to organic recycling through composting or in-situ biodegradation,
which contributes to regeneration of natural systems (in the biological cycle). Therefore,
it is relevant to capture these characteristics in considering how circularity should be
defined and monitored for biobased products. Such concrete research on circular economy
monitoring including these characteristics is currently lacking.

Given the combined central roles circularity and the bioeconomy play in the policy
ambitions of the EU and EU Member States for reaching climate neutrality and wider
sustainability, the increase in biomass as a renewable resource in the economy should also go
together with a more sustainable and circular use of biomass. A suitable framework based
on a comprehensive list of circular economy principles is required to be able to measure and
monitor this. Accordingly, the aim of this study is to: (1) define circular economy principles
for biobased products by complementing existing principles with specific considerations
relevant for biobased systems (e.g., cascading use of biomass, regeneration of natural
systems), and (2) identify what needs to be measured for monitoring circularity of biobased
products considering measure of intrinsic circularity as well as the impacts of circularity.

2. Materials and Methods

The method applied in this study to define circular economy (CE) principles and
what needs to be measured for monitoring circularity for biobased products consisted of
three steps: (1) Literature search on general CE strategies, (2) Method for identifying core
characteristics of the circular bioeconomy, and (3) Identifying what needs to be measured
for monitoring circularity of biobased products. In the first two steps, a systematic literature
review was conducted based on the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines [23], aiming at both peer-reviewed articles and grey
literature (i.e., reports, commercial publications, etc.).

2.1. Literature Search on General Circular Economy Principles and Strategies

Seeing that there is no one agreed definition of CE and its principles, the first step
was reviewing the general CE principles, strategies or requirements defined by different
stakeholders in scientific and grey literature. As global thought leader for the transition
to a circular economy, principles defined by Ellen MacArthur Foundation [3] were taken
into consideration. In the context of CE principles, also most often R-frameworks and
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hierarchies have been defined, including the most prominent 3Rs (reduce-reuse-recycle) [24]
and the 4R framework with the inclusion of Recover [25]. The R frameworks addressed
in academic literature were recently extensively reviewed by Reike et al. [19]. This study
was used as input and complemented with the report of Netherlands Environmental
Assessment Agency from grey literature in providing an overview of the more nuanced R
hierarchies [18].

Additionally, several scientific articles included CE principles in categorizing and
evaluating existing metrics at product level. To identify these, a systematic review was
conducted where the Scopus database was used for material collection. An advanced
search was carried out with the keywords “circular economy” and “principle, strategy
or requirement” using Boolean operators (Search string: ABS (“circular economy”) AND
ABS (principle OR strategy OR requirement) AND ABS (micro OR product) AND ABS
(indicator OR index OR metric) AND LANGUAGE (English)) AND PUBYEAR > 2009 AND
(LIMIT-TO (DOCTYPE, “ar”) OR LIMIT-TO (DOCTYPE, “re”) on 1 April 2022). Filters were
applied to the Scopus database on document type and language to filter peer-reviewed
papers (article and review) published in scientific journals in English. This search resulted
in 134 papers. The search was followed by a screening process, performed by reading
the title and abstract of every document against the inclusion criteria, which were that
study addresses circular economy principles, strategies or requirements. After this filter,
16 articles were pre-selected based on relevance. The next step was going through the full
text of these pre-selected papers to identify the ones that had a specific listing of the set of
CE principles that they considered. This resulted in 9 articles, which were included in this
review [26–34]. The literature review process is summarized in Figure 1.
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2.2. Identifying Core Characteristics of Circular Bioeconomy and Defining CE Principles for
Biobased Products

In the second step, specific characteristics of biobased systems relevant for the circular
economy were identified through a review of scientific and grey literature on this field. An
internet search was carried out using the key words “circular bioeconomy”, “circular bio-
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based economy”, or combination of “circular economy” with “bioeconomy” or “bio-based
economy”. This search yielded 5 key reports from grey literature for review [6,12–14,35].
Additionally, the same keywords were used in another Scopus advanced search (Search
string: TITLE (“circular bioeconomy” OR “circular bio-based economy” OR “circular bio-
economy” OR “circular bio-based”) AND LANGUAGE (English)) AND PUBYEAR > 2009
AND (LIMIT-TO (DOCTYPE, “ar”) OR LIMIT-TO (DOCTYPE, “re”) on 1 April 2022)
to find papers on this topic in scientific literature. Filters were applied to the Scopus
database on document type and language to filter peer-reviewed papers (article and review)
published in scientific journals in English. This search yielded 190 documents, which was
followed by a screening process performed by reading the title and abstract of every
document to filter against the inclusion criteria of studies that specifically address circular
bioeconomy characteristics or principles. After this filter, 10 articles were pre-selected
based on relevance. The next step was going through the full text of these pre-selected
papers to identify the ones that had a specific listing of circular bioeconomy criteria,
principles or characteristics. This resulted in 6 articles [15,36–40]. The findings and insights
collected from this literature review of 11 documents (5 from grey literature, 6 from scientific
literature) were complemented with authors’ own expertise on this topic to define CE
principles for biobased products, building upon existing general CE principles (reviewed
in step one). The literature review process is summarized in Figure 2.
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2.3. Identifying What Needs to Be Measured for Monitoring Circularity of Biobased Products

Step three concerns identifying what needs to be measured for monitoring circularity
of biobased products. This was determined considering both intrinsic circularity (that
measures the inherent circularity) and its impacts (depicting the burdens or benefits of CE
loops). This categorization was also applied by Saidani et al. 2019 regarding circularity
performance, i.e., indicators that measure the inherent circularity and indicators that depict
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the consequences of CE loops [41]. Furthermore, both Potting et al. (2017) [18] and EEA
(2016) [17] considered that assessing the circularity performance should address both the
progress of the process of the transition to CE and its effects.

Accordingly, the first category refers to intrinsic indicators that should provide a
measure for the CE principles defined for biobased products (in step 2). The second
category refers to indicators that should provide a measure of the impacts of circularity. For
this, impact of closing the loops on accumulation of hazardous substances was considered
as well as the impact of circularity on sustainability, considering all three dimensions
(environmental, economic and social).

3. Results
3.1. Circular Economy Principles and Strategies—What to Measure?

Review of scientific and grey literature revealed that different circular economy princi-
ples and strategies have been proposed. The set of requirements provided in each source
are presented in Table 1.

Table 1. Collation of circular economy principles/strategies/requirements.

Source Circular Economy Principles/Strategies/Requirements

Ellen Mac Arthur Foundation [3]
1. Design out waste and pollution
2. Keep products and materials in use
3. Regenerate natural systems

Boyer et al. (2021) [29]
1. Material circulation
2. Utilization
3. Endurance

3R Framework [24]
1. Reduce
2. Reuse
3. Recycle

4R [25]

1. Reduce
2. Reuse
3. Recycle
4. Recover

Saidani et al. (2017) [30]

1. Maintain/Prolong
2. Reuse/Redistribute
3. Refurbish/Remanufacture
4. Recycle

Alamerew et al. (2020) [31]

1. Reuse
2. Repair
3. Refurbish
4. Recondition
5. Remanufacture
6. Repurpose
7. Cannibalization (recover parts)
8. Recycle

PBL [18]

1. Refuse
2. Rethink
3. Reduce
4. Reuse
5. Repair
6. Refurbish
7. Remanufacture
8. Repurpose
9. Recycle
10. Recover
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Table 1. Cont.

Source Circular Economy Principles/Strategies/Requirements

Reike et al. (2018) [19]

1. Refuse
2. Reduce
3. Reuse
4. Repair
5. Refurbish
6. Remanufacture
7. Repurpose
8. Recycle
9. Recover
10. Re-mine

Ortiz-de-Montellano and van der
Meer (2022) [34]

1. Redesign
2. Reuse
3. Resell
4. Remanufacture/refurbish
5. Recycle
6. Recover
7. Recirculate

Kristensen and Mosgaard (2020) [32]

1. Recycling
2. Remanufacturing
3. Reuse
4. Resource-efficiency
5. Disassembly
6. Lifetime extension
7. Waste management
8. End-of-life management

Jerome et al. (2022) [33]

1. Reducing losses in production
2. Changing material composition (recycled,

renewable content)
3. Using more of technical lifetime (include reuse

and remanufacture)
4. Material recycling
5. Energy recovery)

Moraga et al. (2019) [28]

1. Function e.g., refuse, rethink, reduce
2. Product e.g., reuse, refurbish, remanufacture
3. Component e.g., reuse, repurpose
4. Material e.g., recycle
5. Embodied energy e.g., recover
6. Measure the linear economy as the

reference scenario)

Elia et al. (2017) [26]

1. Reducing input and use of natural resources
2. Reducing emissions levels
3. Reducing valuable material losses, wastes
4. Increasing the share of renewable and

recyclable resources
5. Increasing the value durability of products)

Corona et al. (2019) [27]

1. Reducing input of resources, especially scarce ones
2. Reducing emission levels (pollutants and

GHG emissions)
3. Reducing material losses/waste
4. Increasing input of renewable and

recycled resources
5. Maximizing the utility and durability of products
6. Creating local jobs at all skill level
7. Value added creation and distribution
8. Increase social wellbeing)
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Several ladders, or R-frameworks, position the CE strategies. All R frameworks have
a hierarchy as they are ordered from high priority towards low priority in the order of
high to low level of circularity. The R framework was developed at first as a 3R framework
(Reduce, Reuse, Recycle) [24]. It evolved into a 4R framework with the inclusion of
Recover as the fourth R, in accordance with the European Union’s Waste Framework
Directive considering incineration of materials with energy recovery [25]. While these
have been well accepted and applied, there has recently been emphasis on more nuanced
hierarchies reaching up to 10 Rs [19]. Saidani et al. (2017) ranked the different circularity
loops from the most inner-loop to the most outer-loop according to the Ellen MacArthur
Foundation’s circular economy model grouped into four categories (Maintain/Prolong,
Reuse/Redistribute, Refurbish/Remanufacture, Recycle) [22]. PBL’s circularity ladder
includes 10 Rs [18]. They are grouped into three categories of “smarter product use and
manufacture” (R0–R2), “extend lifespan of product and its parts” (R3–R7) and “useful
application of materials” (R8–R9). Therefore, the focus is on functionality first, then on
preserving products and their parts and after that on recycling materials and energy
recovery. Review of Reike et al. (2018) of R frameworks revealed not only varying numbers
of Rs used in different studies (ranging from 3 to 10 Rs) as well as varying conceptualizations
of each principle [19]. Accordingly, they synthesized the most common perspectives into a
single systemic typology composed of 10 Rs, which they refer to as value retention options.
It has almost the same list of principles as PBL (there is no rethink at level 2; instead, there
is a re-mine at level 10), similarly distinguishing between short, medium and long loops.
The term value retention was recently also used by Ortiz-de-Montellano and van der Meer
(2022) where they considered eight value retention stages with Redesign placed at first [34].

CE requirements were included in several review papers that evaluated existing cir-
cularity metrics. Moraga et al. (2019) [28] defined six CE strategies inspired by PBL’s
circularity ladder [18] to classify indicators. The first five strategies acknowledge preser-
vation (of function, product, product’s components, material and embodied energy), and
the last strategy considers the measurement of the linear economy as a reference scenario.
Elia et al. (2017) [26] considered five requirements that were deduced from an European
Environmental Agency report [17]. All the circular economy strategies aim to bring about
reduction in resource use, which is captured in the first requirement. The third requirement
links to recycling materials and fifth requirement links to the lifespan extension strategies
of products (R3-R7 of PBL). The second and fourth are not explicitly covered in the above
strategies. The second requirement considers the effect of the circular economy on environ-
ment where it is expected that increasing the circularity of a product will decrease emissions
as well. The fourth requirement considers the substitution of virgin resources with renew-
able and recycled resources. This is also included in the CE strategies of Jerome et al. (2022)
as changing material composition looking either at recycled or renewable content [33].

Corona et al. (2019) [27] came up with a similar list of CE requirements for reviewing
existing metrics including the five requirements of Elia et al. (2017) [26]. Additionally, they
considered the effect of the circular economy on economic prosperity and social equity.
Accordingly, they included three extra requirements concerning creating jobs, value added
creation and increase of social wellbeing.

3.2. Biobased Products: Circular Economy Principles and Measurement Needs

In defining circular economy principles, additional considerations are needed
looking at the role of the bioeconomy in the circular economy. The European Bioe-
conomy Alliance defines bioeconomy as “the biological motor of a future circular
economy, which is based on optimal use of resources and the production of primary
raw materials from renewably sourced feedstock” [35]. Navare et al. (2021) spec-
ified characteristics of biological cycles in the context of CE with focus on aspects
that are not addressed by existing monitoring systems [36]. These are renewability,
potential for cascading use of material, and closing the nutrient cycle. Additionally,
Kardung et al. (2021) pointed out that two essential concepts that should be cap-
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tured in monitoring the biobased economy are biorefineries and cascading use of
biomass [37]. EEA sees cascading biomass use and recycling while preserving natural
capital as core of a sustainable and circular bioeconomy [6]. Bos and Broeze (2020)
identified four priorities for biobased product systems: 1. Maintaining soil health,
with responsible exploitation of crop residues for biobased applications; 2. Circular
nutrient management; 3. Replacement of fossil sources by renewables, valorization
of side streams and 4. Increasing multifunctional use and recycling of biobased ma-
terials [38]. Additionally, Muscat et al. (2021) presented five ecological principles to
guide biomass use: Safeguarding and regenerating the health of our (agro)ecosystems;
Avoiding non-essential products; Prioritizing biomass streams for basic human needs
(considering also cascading use); Recycling nutrients and carbon from by-products
into the bio-based system; and Minimizing overall energy use and using renewable
energy [39].

Some authors looked at the intersection of the bioeconomy and circular economy
concepts. Brandão et al. (2021) defined three key interfaces between the bioeconomy
and circular economy: Utilization of biomass as a resource including by-products,
residues and waste, Cascading use of biomass; and Minimize use of fossil fuels
(creating a more sustainable and resource-efficient world) [40]. Additionally, they
highlighted resource-efficient valorization of biomass with biorefineries as a key
part of a circular bioeconomy. Stegmann et al. (2020) identified key elements of a
circular bioeconomy based on a literature review, which include resource-efficiency;
biorefinery; use of wastes and residues as resource; maintaining the value of products,
materials and resources for as long as possible; cascading use of biomass; and waste
management (e.g., reuse, recycling) [15]. In another study, cascading use, utilization
of waste streams, resource-efficient value chains, reuse, recycling and organic and
nutrient cycling were defined as common elements of the bioeconomy and circular
economy [12].

It is seen from this review that some key aspects are repeated specific to use of
biomass towards a circular bioeconomy. First is the role of biobased products in reduc-
ing reliance on fossil resources. Biomass provides renewable carbon to the economy
and can replace fossil carbon [13], thereby any virgin feedstock input demand in the
circular economy can be supplied in a renewable way. The second key aspect is using
resources efficiently where the role of biorefining is highlighted. Biorefining allows
processing of biomass into a spectrum of products and is seen as a major enabling
strategy of the circular economy [42]. Then, the third key aspect is the valorization of
residues and wastes. A biobased economy allows utilization of biological residues
and wastes from variety of sources and can bring these products into the circular
economy [14]. As was also included in the CE principles defined by Ellen Mac Arthur
Foundation, regeneration of natural systems is a key consideration, which is about
closing the carbon and nutrient cycles in the biosphere [43]. This fourth key aspect
of regeneration incorporates returning of nutrients and organic matter from residual
and waste streams back to soil. Recycling and lifetime extension strategies are equally
valid for biobased products, therefore the fifth and sixth key aspects are “recirculate”
and “extend the high-quality use of biomass”. One integral consideration here is the
possibility of cascading use of biomass, defined as the strategy to use “the biomass as
long, often and efficiently as possible for materials and only to recover energy from
them at the end of the product life cycle” [44].

Accordingly, six circular economy principles for biobased products were derived
as included in Table 2 and illustrated in Figure 3. The description of each principle
is provided below.
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Table 2. Circular economy principles and what needs to be measured for monitoring circularity of
biobased products.

Circular Economy Principles: What Needs to Be Measured:

1. Reduce reliance on fossil resources
2. Use resources efficiently

(including biorefining)
3. Valorize waste and residues
4. Regenerate
5. Recirculate
6. Extend the high-quality use of

biomass (including cascading use)

1. Share of renewable resources
2. Resource use efficiency (include use of residues)
3. Degree of regeneration
4. Degree of recirculation
5. Utility (include cascading use)
6. Risk of accumulation of hazardous substances
7. Effect on environmental protection
8. Effect on economic viability (e.g., costs,

value added)
9. Effect on social equity (e.g., jobs

creation, wellbeing)
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3.2.1. Reduce Reliance on Fossil Resources

Transitioning from fossil resources to renewable resources such as biomass is an im-
portant aspect of the circular economy. The biobased economy covers a wide variety of
products and industrial sectors, such as plastics, chemicals, pharmaceuticals, packaging,
construction, textiles, and bioenergy [13]. Energy and transport fuels from fossil resources
can largely be replaced by renewable energy and hydrogen, which are non-carbon-based
solutions. In order to phase out the use of fossil feedstock in other sectors, there is require-
ment for renewable carbon [45]. Here, use of biomass is indispensable to meet the carbon
demand of materials and chemicals that cannot be supplied with renewable energy (solar,
wind, hydro and geothermal). This integral role of biogenic carbon for the circular economy
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was realized and recently coined with the term “biobased circular carbon economy”. For
heavy transport, shipping and aviation fuels, biomass use is currently needed until other
sustainable solutions become available [46]. As defined in the Dutch government wide Cir-
cular Economy program [47], “in case new raw materials are necessary, fossil-based, critical
and non-sustainably produced raw materials must be replaced by sustainably produced,
renewable and generally available raw materials.” As the decarbonization of the energy
sector advances, it is considered that bioenergy and biofuels for light road transport will
be phased out in the future and the released biomass can be used to supply the demand
of the chemicals and materials sector [46]. Biomass will therefore be essential in meeting
carbon-based non-food demands in industry and reduce dependence on fossil resources.
The only other (virgin) alternative to fossil-based resources is through carbon capture and
utilization which is still at an early stage of development [48].

3.2.2. Use Resources Efficiently (Including Biorefining)

As the demand for biomass increases, not only for food and feed but also for fuel, chem-
icals and materials, increasing competition for biomass, land and other natural resources
will occur [49]. Although trade-offs exist, there is a possibility to have resource-efficient
valorization of biomass with multi-output production where different products are attained
from different components. Biomass components are fibers (cellulose, hemicellulose and
lignin), carbohydrates (starch, sugars), oil, protein, minerals and high-added-value ingredi-
ents (such as pigments, aromatics). The composition of these components largely varies
in different biomass sources. For the purpose of utilizing biomass in the bioeconomy, it is
important to link these biomass components with the suitable applications [50].

Multi-output production is key for resource efficiency that is achieved through biore-
fining of biomass into a spectrum of biobased products (food, feed, chemicals, materials)
and bioenergy (biofuels, power and/or heat) [51]. This considers an increased valorization
of biomass components through the connection of additional processes and new technolo-
gies in an integrated way for an expanded range of products. This allows reducing waste
formation as the side and residual streams arising are turned into products for various
market sectors. An example is the Roquette Lestrem biorefinery, which was a simple starch
mill that was gradually developed, and the product spectrum increased to native and
modified starches, proteins, polyols, organic acids and specialty chemicals [52]. There is
also increased development of biorefinery concepts that utilize resources that are not food
crops (i.e., sugar, starch and oil crops). These include biorefineries that use lignocellulosic
biomass (wood, forestry and agricultural residues, energy crops), aquatic biomass, natural
fibers (e.g., hemp) and municipal solid waste [52].

Currently, biorefineries are energy-driven, where the main products are biofuels,
power and heat, owing to the existing biofuel-related policy targets supporting the use of
biomass for bioenergy production [53]. No such directive exists yet for the use of biomass
for chemicals/materials. However, the principles of the circular economy favor the use as a
material over energy use. Accordingly, it is desirable that future biorefineries transition
towards a more product-driven (materials and chemicals) approach [46]. The transition
from a fuel to a material focus could, for example, be achieved in existing biorefineries
by diverting bioethanol from fuel use towards chemical use, and the use of sugars to
produce other chemicals through chemical conversion or fermentation. Similarly, also use
of fatty acid methyl esters for production of fatty alcohols, for example in the production of
surfactants instead of use as biodiesel fuel. This shift will also reduce demand for additional
biomass to be used in the production of biobased products.

A potential to alleviate pressure on fertile soil and competition with food/feed produc-
tion is to grow biomass on polluted or contaminated lands for non-food applications. This
ideally also improves the quality of contaminated soil over the long term [54]. However,
some non-food applications may still be problematic as the resulting products can contain
high pollution levels, which can still end up in the environment or remain a threat to
humans [55]. For example, if biomass polluted with high levels of heavy metal is converted
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into a biofuel, this requires specific pre-treatment to render the contaminants and prevent
them entering into the environment during the conversion [56].

3.2.3. Valorize Wastes and Residues

The production, conversion and use of biomass results in various residues and wastes.
While resource use efficiency (second principle) requires minimizing waste, it cannot be
fully eliminated. Thereby the possibility to valorize the residues and waste is important for
the circular economy [14]. Distinction is made between primary, secondary, and tertiary
residual flows (see Figure 4). The primary resides are parts of plants that are left on
the field or in the forest after harvesting of the biomass. The secondary residues are all
forms of biomass that arise from processing of the biomass in industry (such as agro-food,
woodworking) where the production of the residue was not the purpose of the process.
There are also tertiary residues or wastes that have already had a use (post-consumer) that
consist partly or fully of biological material such as organic household waste, food waste,
sewage sludge [57]. More effective use of biogenic waste and residues for feed and as
feedstock for the chemical, material and energy applications (see Figure 5, 3rd cycle) can
reduce the need for additional primary biomass production for these applications.
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This categorization of residues is relevant because different sustainability consider-
ations are relevant for the different types as well as in which applications they can be
used for [58]. For primary residues, it is important to consider the soil quality and the
sustainable harvest levels of the residues to maintain soil health and biodiversity. For
tertiary residues, most have the status of waste in a legal sense and are subject to the EU
Waste Framework Directive where the waste hierarchy must be followed [14] Therefore, it
favors the food, feed, material and chemical applications over energy recovery. The tertiary
residues and wastes also include biowaste that can be composted and serve as a valuable
source of organic matter to return to soil (related to the fourth principle, regenerate). One
strategy is to prioritize the use of biomass for human consumption and recycling any
by-products for use in the economy [49]. Applications of food waste in the bioeconomy are
increasing very strongly [14,59], such as the conversion of bread waste to succinic or lactic
acid. Food processing residues can also be an interesting source of oil, which can have
high value applications, such as avocado oil from rejected fruits, fish oil from lean fish and
fish processing residues [60]. These and other examples are catalogued in the Power4Bio
project [61].

3.2.4. Regenerate (Maintain Carbon and Nutrient Cycles)

It is required to ensure that the biomass production system remains healthy. As the
Ellen MacArthur foundation prescribes, we need to “preserve and enhance natural capital by
controlling finite stocks and balancing renewable resources flows” [43]. This concerns maintaining
the essential soil carbon and nutrient cycles (see Figure 5, first two cycles). The soil carbon cycle
concerns leaving enough crop residues in the field to maintain the soil organic matter content and
valorize the excess in the biobased economy [62]. The soil carbon cycle also concerns converting
organic wastes to compost and returning to soil. This can allow additional crop residues to
become available for the bioeconomy. The nutrient cycle considers effective nutrient management
to reduce losses and minimize dependence on artificial fertilizers by bringing manure to the
required farmlands as well as regenerative agricultural practices such as crop rotations and use of
cover crops [38,43]. Application of digestate (by-product from anaerobic digestion) as a fertilizer
is another consideration here. Mineral-rich biomass sources such as manure, organic waste and
wastewater sludge can go into anaerobic digestion, which generates biogas and digestate [63].
Biogas can be applied directly for energy use, or it can be upgraded to biomethane and used
for energy or transport fuel thereafter. The by-product digestate contains minerals and organic
material that can be used as a fertilizer returning carbon and nutrients to soil [50]. This enables
the replacement of industrially produced mineral fertilizers [64].

For nutrient management, bringing manure or nutrient-rich residual streams in ap-
propriate places and amounts is needed [6]. It is often seen that supply and uptake are not
balanced, where both the surplus and deficit of nutrients cause problems. The excessive use
will result in run-off to water bodies, causing eutrophication, whereas deficit will reduce
soil fertility [36].

3.2.5. Recirculate

In the bioeconomy there are different possibilities of recycling. Biobased products can
contribute to organic recycling (related to the fourth principle, regenerate) through industrially
compostable biobased products as well as in-situ biodegradation, such as with biodegradable
mulching films [65,66]. The European EN 13,432 “Packaging: requirements for packaging
recoverable through composting and biodegradation” is the standard to comply to for treatment
in industrial composting facilities. Applying the digestate from anaerobic digestion is also part
of organic recycling (see Figure 6, point 2). The third cycle in Figure 5 also depicts the return of
carbon and nutrients after various utilization pathways of biomass in the economy.

Biomass also enters the technical cycle (see Figure 6, blue cycle) and is used in the
production of chemicals, plastics and materials. The biobased products can be kept in the
technical cycle (see Figure 5, fourth cycle) through reuse and recycling mechanically or
chemically (see Figure 6, purple lines). It is preferred to keep the cycles tighter (e.g., reuse
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rather than recycle) to preserve the value, which is referred to as the power of inner
cycle [67]. It should also be aimed to maximize the number of consecutive cycles and/or
the time spent in each cycle by extending the product life [68].

Recycling is very well established for paper products, which can be recycled several
times [69]. Wood fibers can be recycled (mechanically) five to seven times before the quality
becomes too low (fiber becomes too short) to produce new paper products due to physical
degradation from repulping and processing. For biobased plastics and other materials
made using biobased chemicals, there are two main categories: drop-in and dedicated [70].
The drop-in chemicals are chemically identical to currently used petrochemicals, can feed
into the established market and be recycled using the same system in place [6]. For example,
polyethylene (PE) and polyethylene terephthalate (PET) produced from biomass can be
reused and mechanically recycled together with fossil-based PE and PET with no additional
effort [71]. For dedicated chemicals, no directly identical fossil-based counterparts exist
(i.e., PLA). For their associated products, the waste management system needs to be
adapted to achieve efficient recycling of these products.
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3.2.6. Extend the High-Quality Use of Biomass (Including Cascading Use)

It should be aimed to keep the biomass in use as long and at as high a grade as possible.
Therefore, it is preferred to preserve the quality while recycling. However, the secondary
material attained from recycling is often at a lower quality than the original material due to
degradation and contamination [73]. This is called downcycling, which should be minimized.
Retaining the highest utility in recirculation is very much dependent on the effectiveness of
the collection system and the quality and purity of secondary material. Therefore, products
should be designed to enable reuse and high-grade recycling as much as possible. Furthermore,
the waste management and recycling systems should focus on providing high-quality recycled
material to the economy [74]. Integrating circular economy principles at the design stage
(circular by design) will facilitate high-value recovery after use [75].

Furthermore, chemical recycling can be a good approach to avoid downgrading. Chemical
recycling allows us to recover building blocks or monomers that plastics are made of and has the
advantage of being able to preserve the quality (yields polymer at identical quality to the virgin
polymer) [74]. In this way, the cycle gets longer, with additional processing required to acquire to
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the product from monomers, but the original quality can be preserved. There are many research
activities and start-ups working on developing this further [76–79].

Optimizing the time spent in each cycle and the number of consecutive cycles is sought after
(by minimizing the quality loss at each application) [80]. In this respect, cascading makes optimal
use of biomass in consecutive products. The biomass is ideally used at the highest value and then
reused or recycled for the same application as much as possible before moving to lower value
applications in the following cascading steps (due to lowering of the quality of the secondary
material). Value or quality refers to the functionality based on the inherent and intrinsic material
properties such as structure and chemical composition [81].

In Figure 7, this is illustrated for wood. Wood is ideally first used for construction as beams,
then can be used to make particle board, paper, chemicals and energy as consecutive products
while at each stage maximizing closed loop recycling before moving down to lower quality
applications [82]. It will be important to design the products and recycling systems so that it
will be possible to extend the high-quality use of the biomass in such a way. Cascading use can
provide substantial reduction in use of virgin resources by consecutively replacing virgin material
needs with each application step and allow for highly resource-efficient use of biomass [83,84].
Cascading can be observed in current practice in the flow of materials between lumber, paper
and energy sectors. There is potential for cascading also in use of textiles. They can be reused
multiple times (second-hand apparel) for clothing, and when no longer suitable for this original
application, they can be used as fiber-fill in upholstery in the furniture industry and then for
insulation in the construction industry [67,85]. Each consecutive application substitutes an inflow
of virgin materials into the economy.
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3.2.7. What Needs to Be Measured for Monitoring Circularity of Biobased Products

The measurement needs in order to evaluate the circularity performance of biobased
products were identified (also included in Table 2). They are divided into two categories,
as intrinsic and impact indicators.

The first category refers to indicators providing a measure of intrinsic circularity. This
is about what needs to be measured in order to evaluate the circularity performance of
biobased products with respect to the six CE principles defined. Linking with the first
principle, we would like to minimize virgin fossil feedstock input and substitute the input
needed with renewable resources such as biomass. Therefore, the first need concerns
here the share of the feedstock that is renewable. Linking with the second and third
principles, the second need is a measure of the efficiency of biomass utilization. This
includes consideration of multi-output production with biorefining, reduction of waste
and valorization of residual streams. The third need is linked with the fourth principle
and concerns indicators that measure the degree of regeneration, looking at how well the
soil carbon and nutrient cycles are maintained. This also considers organic recycling of
biobased products. The fourth need addresses the degree of recirculation (linking with
fifth principle), considering how well the loops are closed (by reuse or recycling), thereby
minimizing incineration and landfilling. Then, the fifth need concerns measure of utility,
which relates to ensuring products stay in the cycle as long as possible in as high a quality
as possible (linking with the sixth principle). This also considers cascading use of biomass.

The second category refers to indicators concerning the evaluation of the impact of
the transition to the circular economy. While circularity could contribute to improving
sustainability, trade-offs exist that need to be addressed [87,88]. One issue is that along the
cascade, products can accumulate hazardous substances. When using biobased materials,
the presence of these hazardous substances should be considered, as well as their health
and safety effects when closing loops. Accordingly, the sixth need is included, which
considers measurement of risk of accumulation of hazardous substances (see Table 2). The
use of biomass containing hazardous substances can lead to accumulation in biobased
products or in the environment where the product is produced or used [54,55]. This can
have severe impact on plant, animal or human health [89,90]. They can also enter and
concentrate in the food chain [3]. It will therefore be appropriate to consider this as part of
the overall assessment to measure such consequential toxicity risks and impacts.

Additionally, to be able to assess whether CE successfully supports sustainable de-
velopment, all three dimensions of sustainability should be included [27]. Accordingly,
the needs 7 to 9 are included in Table 2 to measure effects on environment, economy and
society, respectively. As included in the definition by Kirchherr et al., a circular economy
should aim at “simultaneously creating environmental quality, economic prosperity and
social equity” [20].

4. Discussion

There are currently several challenges faced by biobased products in adhering to these
circular economy principles, which are discussed below.

The transition from fossil-based to biobased products requires innovation in new
biobased products to be able to meet all the demand currently supplied by fossil-based
products. The EC is supporting innovation in new materials, chemicals and processes
through research funding. The public–private partnership, the Bio-based Industries Joint
Undertaking (BBI-JU), between 2014–2020 was important in the development of a broad
spectrum of new, biobased value chains, spanning from simple fossil substitutes to biobased
products with novel functionalities [91]. It is now followed up by the Circular Bio-based
Europe Joint Undertaking (CBE JU) in the 2021–2031 period with the ambition to accelerate
the innovation process as well as market deployment of sustainable biobased solutions [92].

Currently, biomass finds most use for energy and thereby is lost to the circular econ-
omy. This is also as the existing renewable energy policy incentivizes use of biomass
directly for energy (i.e., RED [53]). This also hampers the establishment of effective wood
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cascades [6]. Therefore, what is referred to as a “level playing field” is sought after to
achieve more efficient allocation of biomass feedstock among chemical/material and energy
applications [14]. New policy frameworks need to encourage the cascading use of biomass,
where biomass is used for materials and at the end of life (or final stage of the cascade) is
released as much as possible for energy use [12,46].

The current collection, recovery and recycling infrastructure is not efficient, which
is limiting the extent biobased products can stay in the cycle. Waste processors generally
resist processing biobased products, which is hindering the organic or mechanical recycling
possibilities of these products [93]. Industrial compostable biobased products still need
to find their place and acceptance in the composting facilities. For non-biodegradable
products, the preferred end-of-life option is mechanical recycling. However, for dedicated
plastics where no chemically identical fossil-based products exist (such as PLA), recycling
is not applied although it is technically possible. This is because the volumes are currently
too low to make this financially attractive [71]. This is also the case for many other plastics
on the market (both petro- and biobased), which end up mostly in mixed recyclates with
low value application potential only. Moreover, it is challenging to recycle materials that
are painted, coated or treated as the presence of preservatives or glues hamper future
applications of the recycled materials [6]. However, they often need to be used for biobased
products to extend their durability. Furthermore, multi-layer packaging provides efficient
food preservation yet cannot be mechanically recycled.

Cascading mechanisms are currently not accommodated [12]. Creation of an after-use
economy is needed that calls for effective infrastructure for collection, transportation and
sorting facilities and technologies [74,94]. Cascading use requires the alignment of different
markets involving multiple sets of actors along the value chain. The supply of the secondary
material is also influenced by the market context and the regulatory framework that are
applicable [84]. This raises the question of how cascading use should be governed or steered.
Campbell-Johnson et al. consider a steering framework or governance approach organized
at the macro scale to guide the cascading decision-making and valorization processes [81].
Moreover, policy mechanisms and instruments are needed to foster cascading use and
alleviate the (technical, market, governance) barriers [80,84,95]. Yet, the current EU circular
economy policies are geared towards increasing recycling rates [96]. Incentives need to be
created to stimulate quality rather than quantity alone [93]. The regulations are, therefore,
currently not strong enough to support the use of recycled materials in products of higher
value. Besides the requirement for achieving high quality recycling, there is a requirement
for policies facilitating the efficient functioning of secondary materials markets [97].

Although potential is seen in the reduction of environmental impacts with cascading
use compared to direct use for energy, evidence for this is not well established. There
have been several greenhouse gas emission calculations or life cycle analyses carried out
to evaluate the environmental impact of cascading use and the influence of a number of
cascading steps [98–101]. However, they reported varied results on the environmental
impact of cascading use. This is due to the difference in methodological choices made, such
as system boundary considered, reference system defined, consequential or attributional
approach used, etc. [102]. Accordingly, further research is needed to better understand the
benefits and trade-offs where more reliable data and knowledge are generated to be able to
validate the assumptions made [94].

Production of biobased products requires natural resources. It is important to achieve
a sustainable supply of required quantities of biomass and prevent overexploitation of
natural resources and degradation of the ecosystem [13]. A recent EEA report concludes that
it is essential to find a balance between valorization of biomass and preserving ecosystem
services, including soil quality, biodiversity and water quality and availability [6]. In the
forestry sector, the term “sustainable yield” is used, which aims at extracting resources at
a rate that does not exceed regeneration capacity to maintain the ecosystem services and
long-term productivity of forest ecosystems [103]. Additionally, the quantity and location
of nutrients returned is of importance as nutrient imbalance can have severe impact on
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environment [36]. For example, there is excessive manure production in the Netherlands,
which cannot be adequately returned to the soil, whereas there are shortages elsewhere,
which require compensation by artificial fertilizers [38].

5. Conclusions

This paper describes circular economy principles for biobased products and identifies
what needs to be measured with respect to these principles. It is seen that the bioeconomy
and circular economy show synergies and that the bioeconomy is essential for reducing
reliance on fossil resources, enabling valorization of wastes and residues and providing
possibility of cascading use. To improve the circularity of biomass use in the bioeconomy,
there are several cycles that need to be optimized or extended. In order to facilitate the
transition towards a sustainable biobased circular economy, an enabling policy framework
is required. A level playing field needs to be established between energy and material
use of biomass. The cascading use of biomass needs to be encouraged and should lead to
energy use in end of life. Furthermore, in the policy context for recycling, the quality aspect
needs to be stimulated rather than quantity alone. The biobased products need to find their
place and acceptance in the waste processing facilities to reach their intended end-of-life
option. First steps in policy development have already been taken but it is important that
these EU policy instruments are also transposed to national and regional levels. There is a
requirement to link and align bioeconomy, circular economy and sustainability strategies
in policies at different scales (municipal, national, EU).

It is highlighted in this paper that assessments should complement intrinsic circularity
indicators with sustainability indicators and risk assessment on hazardous substances
to yield the multi-dimensional performance of the products. This will prevent burden
shifting (reducing resource use at the expense of increased emissions) and show whether
the adoption of a circular strategy would simultaneously increase the sustainability of
an existing system [104]. Further research is therefore encouraged on the combination
of circularity measures and life cycle sustainability indicators. This holistic assessment
will allow the discussion of trade-offs and would provide informed decisions on what CE
activities should be favored for sustainable development [105].
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